Abstract-A compact dual-band high impedance surface (HIS) electromagnetic band-gap (EBG) structure is designed as a reflector for a dual-band coplanar waveguide (CPW)-fed planar monopole antenna. The reflector comprises an array of metal square patches which are etched square ring slots. Details of the HIS structure and dual reflection phase frequency bands characteristics are presented and discussed. The simulated and measured results show that the combination of the HIS reflector and the antenna provides directional properties for both frequency bands. At the same time, compared to the antenna integrated with a metal reflector, the profile of the proposed antenna is reduced by more than 60%; the radiation efficiency is increased by 23% (simulated result); and the front-back ratio is increased by 17 dB and 11 dB at the two operating frequency bands, respectively.
INTRODUCTION
Planar monopole antennas are widely used in a variety of areas due to the advantages of simple structure, easy fabrication, and low profile [1] [2] [3] . But these antennas usually have bidirectional radiation pattern and low gain. Hence, they need to be integrated with a reflector to achieve directional radiation characteristic [4, 5] . It was reported that the metal cavity reflector had been used to provide directional patterns [6] , but this kind of antenna is not convenient to use because of its large size.
EBG structures are artificial periodic structures that can be made by metallic or dielectric elements. They are usually used to control the propagation of electromagnetic wave in some range of frequency [7, 8] .
This paper focuses on the reflection phase feature of the EBG surface and low profile antenna. The reflection phase is defined as the phase of the reflected electric field at the reflecting surface. It is known that the perfect electric conductor (PEC) surface has 180 • reflection phase, while the perfect magnetic conductor (PMC) surface has 0 • reflection phase. However, the EBG surface is different from the two surfaces. The reflection phase of EBG surface varies continuously from 180 • to −180 • versus frequency, and the +/ − 90 • frequency band is called reflection phase frequency band in conventional definition [7] . That is to say, we can put the antenna which resonates at the reflection phase frequency band very close to the EBG reflector rather than a quarter of wavelength above a metal reflector for the directional characteristic. Furthermore, it is difficult to achieve directional characteristic in different operating frequency bands for multi-band antenna when a metal reflector is used [9, 10] .
The EBG structures, especially the HIS structures, have narrow reflection phase frequency band [11] , so there is a remarkable growth interest in designing wideband and multi-band HIS structures. Some dual-band HIS structures are found in the field of FSS because of similar property [12] . In [13] , the modified mushroom-like HIS was proposed and analyzed, and in [14] , the traditional square patch was replaced by a new metal patch to generate two reflection phase frequency bands. These methods are effective but with complex structures and difficulty in fabricating.
In this paper, a simple printed HIS structure which can provide two reflection phase frequency bands is proposed and investigated. Moreover, by using this HIS structure as a reflector, the antenna has directional patterns, low profile, high radiation efficiency and high front-back ratio. Measured results show that the proposed antenna can be used as wearable antenna and WLAN base-station antenna.
THE DUAL-BAND HIS STRUCTURE
As shown in Fig. 1 , the HIS reflector is made of an array of 5 × 5 metal square patch cells, which are printed on a FR-4 substrate with thickness of 1 mm, relative permittivity of 4.4 and loss tangent of 0.02. The conductivity of the metal which is used in this paper is 5.8 × 10 7 s/m. A square ring slot is etched in every cell for the purpose of generating two reflection phase frequency bands. The other side of the substrate is the metallic ground plane.
In this paper, all the simulations are done based on High Frequency Structure Simulator (Ansoft HFSS, ver. 12). With the help of periodic boundary condition (PBC), we just need to analyze one cell of the HIS reflector to get the reflection phase frequency band of the whole reflector. Fig. 2 shows the model in HFSS. In this model, we put the observation plane very close to the square patch so as to get the reflection phase curves immediately [15] . For further study, the effects of square ring slot and square patch are discussed. Firstly, the effect of a is shown in Fig. 3 . The reflection phase curves change slightly in the band of 2.45 GHz while change intensely in the band of 5.2 GHz. The conclusion can be obtained that the values of a mainly affect the reflection phase frequency band at 5.2 GHz.
Secondly, the effect of the size of the square patch is discussed. 
GEOMETRIC ARRANGEMENT FOR ANTENNA WITH HIS REFLECTOR
The geometry of the dual-band antenna is shown in Fig. 5 . The two radiation arms are fed by a 50 Ω CPW. The antenna is printed on a FR-4 substrate with thickness of 1.6 mm. The parameters of the antenna structure are shown in Fig. 5 in detail.
The 5 × 5 HIS array is utilized as a reflector and combined with the proposed antenna. The simulation and measurement models are shown in Fig. 6 . The antenna is put in the middle of the reflector and h mm above the reflector. A thin foam layer with thickness of h, relative permittivity of 1.01, and loss tangent of 1.1 × 10 −4 is filled between the HIS reflector and the antenna for measurement. This configuration can significantly reduce the spacing between the antenna and the reflector, and provide directional function for both frequency bands. Figure 7 shows the simulated and measured return losses of the proposed antenna (antenna) and the proposed antenna integrated with the HIS reflector (antenna/HIS). Here we put the proposed antenna 5 mm (about 0.04 wave length) above the HIS reflector. As seen in Fig. 7 , the agreement between simulations and measurements is good, for the proposed antenna, the measured 10 dB bandwidths are approximately 280 MHz (2.35 GHz to 2.63 GHz) and 1050 MHz Thus, the combination with the HIS reflector causes a decrease in bandwidth, especially in the high frequency band. For comparison, a similar model that the proposed antenna integrated with a metal reflector (antenna/PEC) is also fabricated and analyzed. Fig. 8 and Fig. 9 show the simulated return loss curves of the antenna/PEC and the antenna/HIS with different values of h. It can be seen that it is hard for the antenna/PEC to work at the two frequency bands properly, and the distance (+z axis) between the antenna and the reflector will be larger than 16 mm (0.13 wave length) for better performance, which is much larger than that of the antenna/HIS. However, the antenna/HIS can work well at the two frequency bands with smaller h (0.04 wave length), which means that the HIS reflector can reduce the profile of the planar monopole antenna more than 60%. At the same time, the curves in Fig. 9 show an upward shift in frequency as h is reduced. In this case, the h is selected to be 5 mm which leads to a relatively wide bandwidth and low profile.
RESULTS AND DISCUSSION
Antenna radiation pattern measurement has been performed in an anechoic chamber. Fig. 10 and Fig. 11 show the simulated and measured normalized radiation patterns in the E-and H-planes for the antenna/HIS and antenna/PEC. As we can see, the back-lobe of the patterns can be reduced remarkably when the HIS reflector is used. Compared to the antenna/PEC, the front-back ratio can be increased from 25 dB to 42 dB at the band of 2.45 GHz and from 30 dB to 41 dB at the band of 5.2 GHz. The gain can be increased from 5.6 dB to 7.1 dB at the band of 2.45 GHz and from 6.5 dB to 7.8 dB at the band of 5.2 GHz. We can reach the conclusion that the combination with the HIS reflector enhances the front-back ratio and the gain of the proposed antenna significantly. The simulated radiation efficiencies of the antenna systems are given in Table 1 .
We can see from the table that the radiation efficiency of the antenna/HIS is higher than that of the antenna/PEC (about 13% improvement) and the antenna (about 23% improvement).
CONCLUSION
A compact dual-band HIS-EBG integrated with a dual-band antenna is proposed. Compared to the conventional mushroom-like EBG structure, the proposed HIS has two reflection phase frequency bands with simple structure and easy fabrication. When it is used as a reflector for a dual-band monopole antenna, it provides smaller size, higher gain, higher radiation efficiency and greater front-back ratio than metal reflector over the two frequency bands, but it also causes a reduction of bandwidth, especially in the high frequency band.
